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REDOX MEDIATOR REAGENT AND BIOSENSOR 

This application is a continuation-in-part of us 
Patent Application Number 07/451,671, filed December is 

1989. ' 



°5 • Field the Invent 3 



on 



* ♦ * 

of the 13 inVe f i0n relat6S ^ally to the determination 
of the concentration of analytes in fluids and more 
specifically to an amperometric biosensor for use in such 
determinations. n 

■■■•■*" 



Backorn»nni 0 f th» invention. 

Biosensors are not new. Their, use in the 

determination of concentrations of various analytes in 
tiuads is also known. 

l 9 a fi >V Uit ' W ° 86/07632 ' P° blish ^ December 31, 
1986 discloses an amperometric. biosensor system in which 

fluid containing glucose is contacted with glucose 
oxidase and potassium ferricyanide. The glucose is 

Xs7* 7 ^ iS redUC6d t0 ^rrocyanide. 

^(This reaction is catalyzed by glucose oxidasa.) After 
two minutes, an electrical potential is applied and a 
current caused by the re-oxidation of the f errocyani.e to 
ferricyanide is obtained. The current value, obtained a 
few seconds after the potential is aprUed correlates to- 
the concentration of glucose in the f, .id. 

- 

■ J 6Cau - Hai^UU discloses a method in which the 

priorT It 9lUC ° Se ^ fe ~icyanide may run to completion 
prior to the application of an electrical potential, this 
method is referred to as the "end-point" method of 
amperometric determination. 
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Nankai et al. discloses a system, wherein the glucose 
oxidase and potassium f erricyanide are held on a non-woven 
nylon mesh. The mesh is positioned so that it is in 
contact with a working electrode, a counter electrode and 

* ■ - ■ 

05 a reference electrode. The total surface area of the 
counter and reference electrodes is twice that of the 

■ . » 

working electrode. 

■ * 

Wogoman . EP 0 206 218, published December 30, 1986 
discloses a biosensor having two electrodes, the 

l6 . electrodes being made of different electrically conducting 
materials. For example, the anode is formed from an anode 
material, such as platinum, and the cathode is formed from 
a cathode material , such as silver. The anode is coated 
with an enzyme. In a preferred embodiment, the coated 

15 electrode is covered with an elastomer that is permeable 
to glucose. 

-. • ■ . * 

* 

Pottaen et al . . WO 89/08713, published September 21, 
1989, discloses the use of a two electrode biosensor, 
wherein the electrodes aire made of the same noble metal, 
20 but one of the electrodes (referred to as a pseudo- 
reference electrode) is larger than the other (working) 
electrode. 

Conventional wisdom in the eliectrochemical arts 

suggests biosensors of the following types: 

• • * * •• . ■ • 

■ - * 

- 

25 1) a three electrode system, wherein a working 

electrode is referenced against a reference electrode 
(such as silver/silver chloride) and a counter electrode 
provides a means for current flow; 

- 

2) a two electrode system, wherein the working and 
• * ■ 
30 counter electrodes are made of different electrically 

* 

conducting materials; and 
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3) a two electrode system, wherein the working and 
counter electrodes are made of the same electrically 
conducting materials, but the counter electrode is larger 
than the working electrode 



05 



10 



Conventional wisdom in the electrochemical arts does 
not suggest that a biosensor could include a two electrode 
system, wherein the working and counter electrodes are 
substantially the same size (or wherein the counter 
electrode is smaller than the working electrode) and made 
of the same electrically conducting material. 



15 



20 



25 



30 



Summary of the Tnvpnt i nn 

' - 

* > * 

* ' • r 

The invention is a new biosensor (an electrochemical 
device) and method of its use . The biosensor includes 
working and counter electrodes of substantially the same 
size, made of the same electrically conducting material 
and affixed to a first electrical insulator. Overlaying 
the electrodes is a second electrical insulator that 
includes a cutout portion that exposes substantially equal 
surface areas of the working and counter electrodes . 

A reagent is added to the cutout portion. The reagent 
substantially covers the exposed electrode surfaces in the 
cutout portion and includes a redox mediator, an enzyme 
and a buffer. 

When a sample containing an analyte is added to the 
reagent, the analyte, enzyme, and the redox mediator 
participate in a reaction, wherein the redox mediator is 
either reduced (receives at least one electron) or is 
oxidized (donates at least one electron). Usually, in 
this reaction, the analyte is oxidized and the redox 
mediator is reduced. After this reaction (wherein analyte 
as oxidized and redox mediator is reduced) is complete, an 
electrical potential difference is applied between the 
electrodes. The amount of oxidized form of the redox- 
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mediator at the counter electrode and the applied 

■ 

potential difference must, be sufficient to Cause diffusion 
limited electrooxidation of the. reduced form of the redox 
mediator at the. surface of the working electrode. After a 
05 short time delay/ current produced by the electrooxidation 
of the reduced form of the redox mediator is measured and 
the observed current is correlated to the amount of the 

■ 

arialyte in the sample. 

■ * 

■ 

Importantly , only two electrodes of substantially the 
10 same size and made of the same electrically conducting 

„ ■ • * 

material are required when the reagent includes a 
sufficient amount of the oxidized form of the redox 

* ■ - ■ 

mediator to insure that the current produced during 
electrooxidation is limited by the oxidation of the 
15 reduced form of the redox mediator at the working 
electrpde surface . 

For current produced during electrooxidation to be 

• ■ * 

limited by the oxidation of the reduced form of the redox 
mediator at the working electrode surface, the amount of 
20 oxidized form of the redox mediator at the surface of the 
counter electrode must always exceed the amount of reduced 
form of the redox mediator at the surface to the working 

electrode. { 

- " 

Brief Description of the Drawings 
25 FIG. 1 is a schematic top view of a preferred 

embodiment of the inventive biosensor, excluding reagent 
and mesh covering. 

. « 

FIG. 2 is a schematic elevation of the inventive 
biosensor of FIG. 1 along lines 2-2 , and including reagent 
30 and mesh covering. 
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FIG. 3 is a schematic top view of a preferred 

embedment of the inventive biosensor, including w 
covering. ' includln 9 mesh 

on of t.hfj invent™. 

■ - - . 

- 

ther! 6 ' m ° re SPeCifiCa11 * t0 FIG ^ 1 through 3 
there as shown the presently preferred Embodiment of \ h 

bxosensor of the present invention. 

Biosensor 1 conprises first ana second electric, i 
xnsnlating Uyers 2 and , respectlvely . 
insniatrng .aterial »in te suit , ble . ^J"""' 
pasties sucn as vinyi powers ana po^Ja 'provide 
atirea "* StrUCtnr " 1 — «* are 

in* T?' 056 in FIGS - 1 through 3 is ■ 
intended to be B ass produced fro* rolls of material 
--s tating the selection of a Serial wmST ' 
suffxexently flexible for roll processing and at the same 
tame sufficiently stiff to give a useful s +iV 
finished biosensor. stxffness to. the 

PrefefT ' ^ ' ° f ^ thickness. In a 

preferred embodiment i avo >. o - 

and layer 3 is !' ° Ut 360 microns thi <* 

n« xayer 3 xs about 250 microns thick. 

Working electrode 4 and counter electrode 5 are 
Preferably deposited on a backing of insulator material V 
-ch as polyimide, to reduce the possibility of 
the electrode before it is a f fivo 4 * , 1,9 

electrode „ „ ° layer 2 ' irking 

execrrode 4 and counter oinrt-m^ * 

samD o electrode 5. are substantially the 

same sxze and are.made of the same electric I 
matm-i;, ■ „ ' , e -iectrxcally conductinq 

"at'w" h ° f conducting trials 

carir t : as are paiiaaiu °- piaunu "- *W, 

Leans: 1 C< * Per - ^ preferred 

*" K they provide a .ore constant, reproducing 
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eiectrode surface area. Palladium is particularly 
preferred because it is one of the more difficult noble 
metals to oxidize and because it is a relatively 
inexpensive noble metal. Silver is not preferred because 

05 it is more readily oxidized by air than the other noble 
metals listed above. Preferably, electrodes 4 and 5 are 
about 0.1 micron thick and backing 7 is about 25 microns 
thick (commercially available from Courtalls-Andus 
Performance Films in California and Southwall 

10 Technologies, Inc.) (Fig. 2). 

Electrodes 4 and 5 must be sufficiently separated so 
that the electrochemical events at one electrode do not 
interfere with the electrochemical events at the other 
electrode. The preferred distance between electrodes 4 
15 and 5 is about 1.2 millimeters (mm). 

In the preferred embodiment; electrodes 4 and 5 , 
affixed to backing 7, are unspooled from reels and 
attached to layer 2 by the use of hot melt adhesive (not 
shown). Electrodes 4 and 5 also preferably extend from 
20 one end of layer 2 to the other end in parallel 

* * 

configuration. (Fig. 1). 

Insulating layer 3 is fixed on top of layer 2 and 

■ 

electrodes 4 and- 5 by the uise of hot melt adhesive (not 
shown). Layer 3 includes cut out portion 8, which defines 
25 reagent well 9 and exposes substantially equal surface 
areas 10 of electrodes 4 and 5. 

- 

In the preferred embodiment, cutout 8 is 4 mm by 6 mm 

and electrodes 4 and 5 are each 1.5 mm in width. 

2 

Therefore, a surface area of about 6 mm is exposed for 

i 

30 each of the two electrodes. 
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. ■ • Biosensor 1 also includes a power source (not shownV 
» electrical connection with the working and cou„t er 
electrodes and a current neasuring neter ,not shown, „ hich 
xs also „ electrical connection with the working ana 
05 counter electrodes. 

th , B !° SGnSOr reagent 11 C** 2) is placed in well 9 so 
that .t covers substantially all of exposed surfaces 10 of 
electrodes 4 and 5 and preferably covers the exposed 
surface of layer 2 between the electrodes. 

10 At a mi nilnum , reagent 11 includes the oxidized f orm of 

a redox mediator, an enzyme, an d a buff er . The ^d 

mediat ° r " - — ent ty p r: 
*ecexye at least one electron from a reaction involving 

^"T" ^ OXidi2ed **" ° f ^ — -^ator. , 
(The term redox mediator means a mediator that i« M „ M 

o^ergoin, an electrochemical, r^s^VilZT 
reduction reaction., The enzyme must be of sufficient 
type and in sufficient amount to catalyze the reaction 
xnvolvxng enzyme, analyte and oxidized form of the redox 
meda ator . ^ ^ ^ ^ Qf ^ ~ 

sufficient amount to provide and maintain a pH where the 
enzyme catalyzes the reaction Involving enzyme, Zly te 
and oxidized form of the redox mediator. 

25 ad d !T^ lY ' 3 SanPle «^*** the analyte is 

added to the reagent, the analyte is oxidized and the 

ZZ f0rm ° f the red ° X Bediat ° r is -du.ed.as shown ■ 



analyte . + " redox mediat6r enzyme 

(reduced form) (oxidized form) 



15 



20 



* 

analyte + 



redox mediator 
(oxidized form) ' (reduced form) 
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The reaction shown above is permitted to go to 
completion. (Completion is defined as sufficient reaction 
involving analyte f enzyme, and redox mediator (oxidized 
form) to correlate analyte concentration to diffusion 
05 limited current generated by oxidation of the reduced form 
of the redox mediator at the surface of the working 
electrode.) After reaction is complete/ a power source 
(e.g., a battery) applies a potential difference between 
the electrodes 1 When the potential difference is applied, 
10 the amount of oxidized form of the redox mediator at the 
counter electrode and the potential difference must be 
sufficient to cause diffusion limited electrooxidation of 
the reduced form of the redox mediator at the working 
electrode surface. The diffusion limited current 
15 generated by the oxidation of the reduced form of the 
redox mediator at the working electrode surface is 
measured by a current measuring meter. 

* 

■ ■ ■ 

The measured current may be accurately correlated to the 
concentration of analyte in the sample when the following 
20 requirements are satisfied: 

» ■ - 

1) the rate of oxidation of the reduced form of the 
redox mediator is governed by the rate of diffusion of the 
reduced form of the redox mediator to the surface of the 

working electrode; and 

. 

' * • ■ " ■ *' 

25 2) the current produced is limited by the oxidation: 

of the reduced form of the redox mediator at the surface 
of the working electrode. 

• 

In the present inventive device, these requirements 
are satisfied by employing a readily reversible redox 
30 mediator and by supplying reagent 11 with the oxidized 
form of the redox mediator in an amount sufficient to 
insure that the current produced during diffusion limited 
electrooxidation is limited by the oxidation of the 
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ot the redo* „edLof at the worn™, 
eiec^e surface. For c^reut produced during • 

electrode surface, the aaount of oxidized for. of the 
redo, TCai , tor at surf ^ • - « the 

redox eedrator at the surface of the „or*i„ g electrode 

importantly, when the reagent includes an excess of 
the oxidised form of the redox Viator, as descr^d 
below, the wording and counter electrodes ^be 

electrically conducting Serial. The ability- toW 
electrodes that are substantially the saW s^L and , 

of the same material represent.* , • ■ Bade 

fll represents an important p,^^*.^ 
manufacturing a biosensor. advantage for 

blrf / fUrther of the reagent is that the 

- -stnsir have a higher ° xi ^ tion 

n tne reduced form of the redox mediator. 

* 

to h^ ^ ° f e " 2y " e USea " iU deE "™ d »>>°" ">« analvtc 
to he .easured. ror arable, i, gl „cose is th. „„T. 



15 



25 



Q 



; ^r example, if glucose is ^ ' 

be measured, g i ucose oxidase may feg * ™ to 

If cholesterol is the analyte to be measured, cholesterol 
oxidase may be used as the enzyme. nolesterol 

* - ■ * 

must h„ * ! adi2ed f0rm of the "dox mediator 

electrl f ^ ^ <° * one 

electron from the reaction involving enzyme analvto * 
oxidized form of . ^yne, analyte, and 

glucose is 2 T X " t0r ' eXaB,ple ' 

is th ^ nS t0 ^ meaSU!red * nd * luc °*e oxidase 

form of e : h T e ' d ferriCyahide W ~ ~* - zed 
iorm of the redox mediator. 
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Other examples of enzymes and redox mediators 
(oxidized form) that may be used in measuring particular 
analytes by the present invention are listed below in 
Table 1. 
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* ■ 

In some of the examples shown in Table 1, at least one 

* * * * 

additional enzyme is used as a reaction catalyst. Also, 
some of the examples shown in Table 1 may utilize an 
additional mediator, which facilitates electron transfer 
05 to the oxidized form of the redox mediator* The 

additional mediator may be provided to the reagent in 

lesser amount than the oxidized form of the redox 

■ • 

mediator. 

The amount of enzyme included in the reagent may vary 

10 depending upon the time period desired for completion of 
the reaction involving analyte, enzyme, and oxidized form 
of the redox mediator. The more enzyme added, the shorter 
the time period for completion of the reaction. When a 
glucose reagent includes glucose oxidase, more than about 

15 0.5 million international units (units) of glucose oxidase 
per liter of reagent (referring to the reagent composition 
before being dried on the electrode surfaces) should be . 
used, in the reageiit, and preferably about 2 million units 
of glucose oxidase per liter of reagent is used. Below 

20 about 0.5 million units per liter of reagent, assay 

performance is poor. About 2 million units of glucose 
oxidase per liter of reagent provides a reagent that will 
achieve completion of the reaction involving glucose, 
glucose oxidase, and ferricyanide within about 20 seconds, 

25 a conveniently short time period for the reaction. Above 
about. 2 million units of glucose oxidase per liter of 
reagent, the reagent is needlessly more expensive to 
produce. (These amounts of glucose oxidase refer to the 
reagent composition before it is dried onto the electrode 

30 surfaces.) 

The actual amount of oxidized form of the redox 
mediator needed in the reagent is governed by the 
concentration range of the analyte sought to be measured. 
The reagent for analyzing glucose (described herein) 
35 includes sufficient redox mediator (oxidized form) to 
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measure the glucose level in a sample of human whole blood 
fro* about 10 to about. 70 microliters m invoke. The 
reagent must be provided with enough of the oxidized form 
of the redox mediator so that when the potential 
- difference is applied between electrodes 4 and 5 the 
amount of oxidized form of the redox mediator • at 'the 
surface of the counter electrode exceeds the amount of 
reduced form of the redox mediator at the working 
electrode. 

* 

« 

* * ■ 

The upper limit of the amount of redox mediator 
(oxidized form, will usually depend on the mediator's 
solubility and dispersion properties in the reagent The 
reagent for the present invention, exemplified by a 
biosensor for the assay of glucose, preferably includes a 
macrocrystalline material of sufficient type and in 

regent ""^ '*° diSPerSe th * redox mediator in the 

» ♦ 

■ * * 

Examples of microcrystalline materials that will • 
disperse the redox mediator are microcrystalline 
cellulose, dextrans, and chitin. The amount of 
macrocrystalline material included- in the preferred 
glucose. reagent, which includes glucose oxidase and 
Potassium ferricyanide, is from about l% (weight : volume, 
to about 4.5% (weight : volume) , and is preferably about 
1.5% (weaghtrvolume) . Below about 1% (weight: volume, 
microcrystalline material , the reagent will fall off of 
the electrode surfaces after drying. Above about 4.5% 
(veightrvolume) microcrystalline material, the reagent 
gels. For a glu cose reagent that includes ferricyanide 
and glucose oxidase, the preferred microcrystalline 
material is a combination of AVICEL RC-591F (a micro- 
crystalline cellulose available from FMC Corp.) and 
NATROpOL-250 M (a micro-crystalline carboxymethylcellulose • 
available from Aqualon) . The amount of. AVICEL in the 
reagent may range to from about 1% to about 4 2 % 
(weight: volume) and is preferably about 1. 4 % 
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. (weight : volume) . The amount of NATROSOL in the reagent 
may range from about 0% to about 0.3% (weight: volume) and 
is preferably about 0.06% (weight: volume) . (These 
percentages refer to the reagent composition before it is. 
dried onto the electrode surfaces.) 

05 When AVICEL and NATROSOL are added to the reagent, in 

the ranges stated above, the amount of potassium 
ferricyanide that may be incorporated into the reagent may 
range from about 0.15 molar (M) to about 0.7 . M, and is 
preferably about 0.3 M. When the concentration of 

10 ferricyanide is below about 0.15 M and above about 0.7 M, 
performance of the biosensor decreases. (These molarities 
refer to the reagent composition before it is dried onto 
the electrode surfaces O 

The reagent also preferably includes a surfactant of 
15 sufficient type and in sufficient amount to wet a sample 

containing the analyte to be measured. For example, in . a 
reagent for analyzing a sample of human whole blood 
containing glucose, the surfactant is preferably a 
nonionic surfactant. From aboiit 0% (weight: volume) to 
20 about 0.3% (weight: volume) surf actant may be present in 

the reagent. Above about 0.3% (weight:volume) surfactant, 
red blood cells begin to hemolyze. The preferred 
surfactant in the glucose reagent is TRITON. X-100 
(available from Sigma Chemical Corporation) at a preferred 
25 concentration of about b.05% (weight: volume. ) . 

(Percentages refer tb the reagent compositic-n before it is 
dried onto the electrode surfaces.) 

* 

Any buffer that satisfies the above-stated 
requirements of providing a satisfactory pH for enzyme \ 

30 function and having a higher oxidation potential than the 

- * • 

reduced form of the redox mediator may be used- " 
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Examples of such buffer-? f =, 
utilizi™ + k f ° r 3 9 luc °se reagent 

utilizing the enzyme glucose oxidase include phosphate 
cxtrate (citrate also helps stabilize the reaaentf ! 

(2-acetaaido) iminodiacetic acid, pipeline- 
ethanesulfonic acid,, N -(2- acetamido) -2- ' 
amxhoethanesulfonic acid, N,N-bis (2-hydroxyethyl)- 2 
amxnoethanesulfonic acid, N- tris (hydroxy.ethyl, - 
aethyl-2-aminoethanesulfonic acid and N , k T 

(buffer, derived fro]1 2 . rai „ 0 . 2 ^o^^^ 

£~oi, , and Tris buffers a r 8 ^ ab . i 

iron 3 lgM cheaical co.p.n,., lmida2ole fl . ^ 

used as a buffer, ofcese buffars My * ^ a 

preferred pH range rs from about 6 . to about 7 „„ , . 

preferred buffer is phosphate |e o ^ 

e^™* . • p "«e. [e.g., potassxum phosphate) 

.*«■»»* 0-1 M to about „. 5 M and preferably about 0 4 
»• (These concentration ranges refer to the re agent 

stabuLrri f r f furih ° r • 

sta M i e ti r Ih i r ana in su,,icient 1 i ° 

the en,™ „I I 9 !"'- . T " e " a9mt "t-UlW stabilizes 
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the enzyme, and for a glucose re a a P nt- T S ™ D1XlZes 
oxidase i-h* W»POse reagent containing glucose 

oxidase, reagent stabUi2er May ^ 

SZLTT 9 " glUta — ~e, blue dextran and 

-ntatL T P Stabili2er reagent 

S is glutamate (e.g., potass L 

glutamate, at a concentration range from about o % 
(weightivolume) to about 4% (weight : volume) , with the 

preferred amount being about 2% (weight : volume) (These 

percentages refer to the reaqent mm 

• ■ reagent composition before it is 

dried onto the electrode surfaces.) 
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A protocol for making the preferred glucose reagent . 
utilizing the enzyme glucose oxidase and f erricyanide as 
the oxidized form of the redox mediator is as follows: 

... . 

Step 1- Prepare 1 liter (in a volumetric flask) of a 

■ ■ . ■ ■ ■ 

05 buffeir/NATROSOL mixture by adding 1.2000 grams (g) 

NATROSOL-250 M to 0,740 M aqueous potassium phosphate 
buffer (including 80.062 g monobasic potassium phosphate 
and 26.423 g dibasic potassium phosphate) at pH 6.25. 
Allow the NATROSOL to stir and swell for 3 hours. 

* 

- 

10 Step 2- Prepare an AVICEL mixture by stirring 14.0000 g 
AVICEL RC-591 F and 504.7750 g water for 20 minutes/ 

Step 3- Prepare a TRITON mixture. by adding 0.5000 g 
TRITON X-100 to 514.6000 g of the buffer/ NATROSOL mixture 
and stir for 15 minutes. 

■ 

» 

■ 

• ■ ■ * .. 

« 

15 Step 4- While stirring , add the total TRITON mixture 

dropwise with a dropwise addition funnel or buret to the 
total AVICEL mixture. Once addition is complete, continue 
stirring overnight. 

Step 5- To the mixture resulting from Step 4, add, while 
20 stirring, 98.7750 g potassium f err icyanide . (Add a little 
potassium ferricyanide at a time to allow the potassium 
f erricyanide to dissolve as added.) 

Step 6- Stir the resulting mixture of Step .5 for 20 
minutes. 

* * ■ • * 

25 Step 7- Adjust the pH of the mixture resulting from Step 
6 to 6.25 by adding potassium hydroxide- 

* * * m 

■ 

Step 8- To the resulting mixture of Step 6 add 9.1533 g 
glucose oxidase (218.50 units per milligram (mg) from 
Biozyme) and stir at least 20 minutes. 
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Step 9 - To the resulting mixture of step 8 add 20 a 
potassium giutamate and stir at least 20 minutes. 

Step 10- Filter the resulting mixture of step * throuah 

addeT, I' reSUlting rea * ent composition, which J 
added to the electrode surfaces and is then dried. 

in the preferred embodiment for glucose determine • 
Microliters („!, of reagent made by the aW- s ^ ed 
Protocol is added to V ell 9 formed by cutout 8> 

l ° T"* of reagent Ml .will substantially cover, surface ^ 
-reas io on both electrodes (Figs/ 1 and 2) and 
conta ln , sufficient amount of f erricyanidl, and a 
suf f acaent amount of enzyme (glucose oxidase) to catalyze 

5 hi ,T " ° £ glUC ° Se (fr ° m 3 ^ ° f ^ lie 

w C a^? edUC " 0n ^ ^ - ^etl 6 
witnm about 20 seconds. 

■ . ■ - . * 

■ ■ " 

»e ag ent 11 is then dried by heating at about 50- c for 
about 3 »i„utes. Drying re „oves a t least ^ , J £ 

v.t« content o f the reagent, therehy reseiting in a 
preferred, dried reagent vith the following proportions of 
cedents: fro» a bout l.a to ebout l.s „iLiL.s ^ 

2 300 to ahont 2,000 units of giucose oxidase per gra» of 
arred reagent, assuming ,« loss of en 2yB , e aotivi ' 
"nnsually high ioss of enzyme activity, ,„„ reagent 
drying, ,ro» about 8.000 to about s.ooo „„ it s 0 f giucose 

about* aCtiVlty «»r.-«— -rying, and fro. . 

about 9.200 to about lo,4„o units of glucose oxidase per 
gr» of dried reagent, assuming „„ loss « W« etL ty 
fro- reagent drying; f rom abont to ^ , ; ' 

Phosphate buffer per gra, of dried reagent; fro. about , 
to about 3 .migrans („g, njtrosol-250 M per gran of 
uned reagent and fro. about 50 to about 71 „g AV1CEL 
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RC-591 F per gram of dried reagent (a total of from about 
52 to about 74 mg microcrystalline material per gram of 
dried reagent) ; from about 71 to about 102 mg glutamate 
per gram of dried reagent; and from about 2 to about 3 mg 
05 TRITON X-100 per gram of dried reagent* 

» 

As stated above, each component of the formulated 
reagent (before drying) may vary within the disclosed 
limits.. Therefore, a glucose reagent dried as above may 

include the following broader ranges of components: from 

* ■ . 

10 about 0.55 to about 3.5 m mol ferricyanide per gram of 
dried reagant; inore than about 570 units of glucose 
oxidase per gram of dried reagent, assuming a 75% loss of 
enzyme activity (an unusually high loss of enzyme 
activity) from reagent drying, and more than about 2100 

15 units of glucose oxidase per gram of dried reagant, 

assuming a more typical 6% loss of enzyme activity from 
reagent drying; from about 0.35 to about 2.6 m mol 
phosphate per gram of dried reagent ; from about 0 to about 
15 tog NATROSOL-250 M per gram of dried reagent and from 

20 about 36 to about 213 mg AVICEL RC-591 F per gram of dried 
reagent ( a total of from about 36 to about 228 mg 
microcrystalline material per gram of dried reagent) ; from 
about 0 to about 200 mg glutamate per gram of dried 

* ■ * , 

reagent; and from about 0 to about 18 mg TRITON X-100 per 

25 gram of dried reagent. 

'..'■*.. . . , •• ' • • . - 

After drying, a polyester of nylon mesh 13 (Figs. 2 
and 3) is preferably placed on top of the dried reagent to 
aid in preventing loss of reagent from the biosensor 
during shipping and handling and to aid in minimizing 
30 human contamination from the reagent. Mesh 13 is affixed 
to the inventive device by adhesive tape 14, which 
includes hole 15. (Figs 2 and 3) Hole 15 is the target 
area* for adding a sample containing an analyte to be 
measured by the inventive device. (Fig, 3) 
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After drying the reagent and af f ixing the raesh 
tne rol! -forced biosensors are separated by die punching 

witriT a biOSenS ° rS ' WhlCh ^ USGd ln Action 
with 1) a power source in electrical connection with the 

working and counter electrodes and capable of supplying an 
electrical potential difference between the worJng 2 i 
counter electrodes sufficient to cause diffusion iLited 

It°T° n0f -dox mediator 

at the surface of the working electrode, and 2) a meter in 

electrical. connection with the working and counter 
electrodes and capable of measuring the diffusion lifted 
current produced by oxidation of the reduced form of the 
redox mediator when the above-stated electrical potential • 
difference is applied . 



15 
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^ The meter described above will normally be adapted to 
apply an algorithm to the current measurement, whereby an 
analyte concentration i, provided and visually displayed 

Improvements in such a power source and meter are the " 
subject of commonly asslgne d U.S. Patent Number 4,963,814 
(^sued October 16, 1990) , and U.S. Patent Application . 
Serial Numbers 07/451,212 (filed December 15, 1989; Notice 
of Allowance issued November 6, 1990; Issue Fee Paid 
November 30, 19 90), 07/451,108 (filed December 15, 1989- 
*otace of Allowance issued September 24, 1990; Issue Fee 

W 0 ^: 31 ' 1990) ' ° 7/451 ' 309 member 15, 

1989) , the disclosures of which are hereby incorporated by 
reference, ' . . 

■ 

For easy electrical connection of the power source and 
^eter, additional cutout portion 12 (Figs, i through 3) 
exposxng portions of the working and counter electrodes' 
are preferably provided in the biosensor device. 

The biosensor device described above may be used to 
determine the concentration of an analyte in a fluid 
sample by performing the following steps: 
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a) contacting the fluid sample with a reagent 
(described above) that substantially covers substantially 
equal surf ace areas of working and counter electrodes; 

• ■ * 

b) allowing the reaction between the analyte and the 
oxidized form of the redox mediator to go to completion; 

c) subsequently applying a potential difference 
between the electrodes sufficient to cause diffusion 
limited electrooxidation of the reduced form of the redox 
mediator at the surface of the working electrode; 

* 

■ *•■*• ■ - • - - • 

10 d) thereafter measuring the resulting diffusion 

limited current; and 

■ • ■ 

e) correlating the current measurement to the 
concentration of analyte in the fluid* 

Many analyte-containing fluids may be analyzed. For 

■ * . * * * . * 

15 example, analytes in human body fluids such as whole 

blood , blood serum, urine and cerebrospinal fluid may be 
measured. Also, analytes found in fermentation products 
and in environmental substances, which potentially contain 
environmental contaminants, may be measured. 

20 When measuring analytes found in human body fluids, 

especially whole blood, the potential difference applied 
between the electrodes should be no more than about 500 
millivolts. When a potential difference above about 500 

i * * • 

millivolts is applied between the electrodes, oxidation of 
25 the working electrode surface (for palladium) and of some 
blood components can become intolerable, thereby 
preventing an accurate and precise correlation of current 
to analyte concentration. For an assay of glucose in a 
whole blood sample, wherein the oxidized form of the redox 
30 mediator is f erricyanide, a potential difference from 
about 150 millivolts to about 500 millivolts may be 
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applied between the electrodes to achieve diffusion 
limited electrooxidation of the reduced f or. of the redox 
mediator at the surface of the working electrode 
Preferably, about 300 millivolts potential difference 
05 is applied between the electrodes. 

» ■ 

• Current generated from the oxidation of the reduced 

form of the redox mediator may be measured a t any t lrae 
from about 0.5 seconds to about 30 seconds after the 

10 Tl V* " ^ 6renCe 13 aPPlied betWeen the -tetrodes. 

10 At less than about 0.5 seconds, diffusion limited current 
has not been achieved. After .about 30 seconds, convection 
becomes significant, thereby interfering with t-he 
measurement of a diffusion limited 

current is measured at about lo .-c*^^^^ 
5 Potential difference is applied between the electrodes 
and the measured current is correlated to the 
concentration of analyte in the sample. 

in the preferred method for analysis of glucose from a 
sample of human whole blood, 20 „1 of whole. blood is added 
to the above-stated preferred glucose reagent. The 
reactxon of glucose and ferricyariide is allowed to go to 
completion, thereby forming gluconic acid and 
ferrocyanide. Th is reaction normally requires a short- 
txme to go to completion, and in the preferred embodiment, 
the reaction goes to completion in less than about 20 
seconds. About twenty seconds after addition of . the whole 
blood sample, a potential difference of about 300 
millivolts is applied between the electrodes, thereby 
oxidizing ferrocyanide to ferricyanide at the surface of 
the working electrode. About 10 seconds after the 
Potential difference is applied to the electrodes, current 
as measured and correlated to the concentration of glucose 
in the blood sample. 
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The glucose concentration of a sample may be 
accurately and precisely measured by the present inventive 
method utilizing the present inventive biosensor. 
Further when a sample of human whole blood is measured, 
error due to hematocrit effect is insignificant. 



As a variation of the present invention , the counter 
eiectrode could be smaller than the working electrode. 
When the counter electrode is smaller than the working 
electrode, the amount of oxidized form of the redox 
10 mediator supplied to reagent 11 must be .increased^ The 
amount of oxidized form of the redox mediator in reagent 

» 

11 must be increased because the above-stated requirements 

■ ■ ■ ■ 

for accurately correlating concentration of the analyte to 

■ 

current must be satisfied; that is, 

* • ' ■ 

• ■ - * k 

, > • • . * * 

15 i) the rate of oxidation of the reduced form of the 

redox mediator is governed by the rate of diffusion of the 
reduced form of the redox mediator to the surface of the 
working electrode; and 

2) the current produced is limited bv the oxidation 
20 of the reduced form' of the redox mediator at the surface 

* * ■ • 

of the working electrode. 

For example, it has been shown that when the counter 
electrode is about half the size of the working electrode, 
a mixture of about 2700 nanomoles (nmol) of ferricyanide 
25 and about 900 ninol of f err o cyanide (dissolved in 20 /il ° f 
water) satisfied the requirements stated above. 

Also, the present invention has been illustrated by 
analytes that are oxidized and redox mediators that are 
reduced in the presence of a catalytic amount of enzyme. 
30 However, the present inventive device, reagents and 

■ 

methods may also be used "to measure the concentration of 
an analyte in a fluid sample, wherein the analyte is 
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reduced and the reduced form of a redox mediator is 
oxidized in the presence of a catalytic amount of an 
enzyme (e;g., a reductase). After the reaction involving 
analyte, enzyme, and reduced form of the redox mediator 
reaches completion, a potential difference is applied 
between the electrodes. The amount of reduced form of the 
redox mediator at the counter electrode (in this case an 
anode rather than a cathode) and the applied potential 
difference must be sufficient to cause diffusion limited 
10 electroreduction of the oxidized form of the^ redox 

mediator at the surface of the working electrode (in this 
case a cathode rather than an anode) . The diffusion 
limited current generated by reduction of the oxidized 
form of the the redox mediator at the working electrode 
surface is correlated to the concentration of analyte in 
the sample being analyzed. 
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The redox mediator must be readily reversible and the 
amount of reduced form of the redox mediator in reagent 11 
must be sufficient to insure that the current produced 
during electroreduction is limited by the reduction of the 
oxidized form of the redox mediator at the working 
electrode surface. 

The buffer must also have a lower reduction potential 
than the reduction potential of the oxidized form of the 
redox mediator and must be of sufficient type and in 
sufficient amount to provide and maintain a P H at which 
the enzyme catalyzes the reaction involving analyte, 
enzyme and the reduced form of the redox mediator. These 
and other requirements are analogous to those for 
measuring an analyte that is oxidized rather than reduced. 

t * 

t The present invention has been disclosed in the above 
teachings and .drawings with sufficient clarity and 
conciseness to enable one skilled in the art to make and 
use the invention, to know the best mode for carrying out 
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the invention, and to distinguish it from other inventions 
and from what is old . Many variations and obvious 
adaptations of the invention will readily come to mind, 
and these are intended to be contained within the scope of 
05 the invention as claimed below. 
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What is rrlaimed ig? 



1. A device for analyzing an analyte, comprising: 

a. a first electrical insulator; 

¥ 

b. working a^d counter electrodes of substantially 
the same size, the electrodes being made of the same 
electrically conducting materials and being supported on 
the first electrical insulator; 

c a second electrical insulator, overlaying the 
farst electrical insulator and the electrodes and 
xncluding a cutout portion that exposes substantially 

equal surface areas of the, working and counter electrodes- 
and f 

■ 

d. a reagent, substantially covering the exposed 
electrode surfaces in the cutout portion and comprising 
the oxidized form of a redox mediator, an enzyme, and a 
buffer, . 

■ 

the oxidized form of the redox mediator being of 
sufficient type to receive at least one electron from a 
reaction involving enzyme, analyte, and oxidized form of 
the redox mediator and being in sufficient amount to 
insure that current produced by diffusion limited 
electrooxidation is limited by the oxidation of the 
reduced form of the redox, mediator at the working 
electrode surface, 

■ ■ 

the enzyme being of sufficient type and in sufficient 
amount to catalyze the reaction involving enzyme, analyte 
and ^oxidized form of the redox mediator, and 

* 

the buffer having a higher oxidation potential than 
the reduced form of the redox mediator and being of 
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suf f icient type and in sufficient amount to provide and 

maintain a pH at which the enzyme catalyzes the reaction 

• ■ 

involving enzyme, analyte, and oxidized form of the redox 
mediator. 

- . - 

- 

05 2. The device of claim 1, wherein the reagent, further 
comprises a microcrystalline material of sufficient type 
and in sufficient amount to disperse the redox mediator in 
the reagent. 

- 

3. the device of claim 1, wherein -the -reagent further 

10 comprises at least one additional enzyme and an additional 
redox mediator. 

♦ 

4. The device of claim 1; wherein the electrically 
conducting material of the working and counter electrodes 
is selected from a group consisting of palladium, 

15 platinum/ gold, silver, titanium, copper, and carbon. 

■ - • * 1 

* * * 

5. The device of claim 2, wherein the reagent further 
comprises a surfactant of sufficient type and in 
sufficient amount to wet a sample containing the analyte. 

6. The device of claim 5 r wherein the reagent further 

> 

20 comprises a reagent stabilizer of sufficient type and in 

sufficient amount to stabilize the reagent. 

- ■ 

■ 

7. The device of claim 1, wherein the analyte is glucose, 
the oxidized form of the redox mediator is f erricyanide, 
and the enzyme is glucose oxidase. 

25 8. The device of claim 2, wherein the analyte is glucose, 
the oxidized form of the redox mediator is f erricyanide 

» ■ 

and the enzyme is glucose oxidase.. 

9. The device of claim 8, wherein the amount of 

■ 

f erricyanide is from about 0.55 to about 3.5 millimoles 
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per gram of reagent. 

10. The device of claim 6, wherein the analyte is 
glu C ose,the oxidized form of the redox mediator is 

ferracyanide, the buffer is phosphate, the 
aicrocrystalline materia! includes macrocrystalline 
cellulose and microcrystalline carboxymethylceliulose the 
enzyme ls glucose oxidase, the surfactant is a nonionL 
surfactant and the reagent stabilizer is selected from a 

* tj^t «*^> a ™ :, a : 

■ ' . ' ■ 

11. The device of claim 10, wherein the amount of 
ferricyanide is fro* about 0.55 to about 3. 5 millimoles 

per gram of reagent, the amount of phosphate buffer is 
from about 0.35 to about 2.6 millimoles per gram of 

regent, the amount of macrocrystalline material is from 
about 36 to about 228 milligrams per gram of reagent " 
amount of gi ucose oxidase is more than about 570 Uni^er 
gram of reagent, the amount of surfactant is from about o 
to about 18 milligrams per gram of reagent, and the amount 
of reagent stabilizer is from about 0 to about 200 
milligrams per gram of reagent. 
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12. 



A device for analyzing glucose, comprising: 



a. 



a first electrical insulator; 



25 th ^ C ° Unter electro ^ 9f substantially . 

the same; saze, the electrodes being made of palladium and 

beang supported on the first electrical insulator; 

electric^ SeC ° n " insu ^or overlaying the first 

electrxcal ansulator and the electrodes and including a 

30 arts TT° n that SXPOSeS SUbStantia "y egual surface 
areas of the working and counter electrodes; and 
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d. a reagent , substantially covering the exposed 
electrode surfaces in the cutout portion and comprising 

• - • ' * 

• ... 

1) from about 1.1 to about 1.5 millimoles 

• . * . ■ * 

ferricyanide per gram of reagent, 

* * * * 

05 2) from about 1.3 to about 1.9 millimoles phosphate 

. buffer per gram of reagent, 

» ■ * 

3) from about 2300 to about 10,400 units of glucose 
oxidase per gram of reagent, 

4) from about 50 to about 71 milligrams 

10 microcrystalline cellulose per gram of reagent, 

... _ . ... 

•. . 

' ■ . '. ■ . 

5) from about 2 to about 3 milligrams 

microcrystalline carboxymethylcellulose per gram of 

reagent, 

■ 

i . - ■ 

6) from about 2 to about. 3 milligrams TRITON X-100 

•• • . - • • 

• » » 

15 per gram of reagent, and 

♦ 

7) from about 71 to about 102 milligrams glutamate 
per gram of reagent. 

.... 

13. The device of claim 1, further comprising: 

■ 

e. a power source in electrical connection with the 
20 working and counter electrodes and capable of supplying an 
electrical potential difference between the working and. 
counter electrodes sufficient to cause diffusion limited 

■ ■ 

electrooxidation of the reduced form of the redox mediator 
at the surface of the working electrode; and 

- 

*. 

25 f. a meter in electrical connection with the working 

and counter electrodes and capable of measuring the 
diffusion limited current produced by the oxidation of the 
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reduced for™ of the redox mediator at the working 
electrode surface. 
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14. The device of claim 7, further comprising: - 

vorJ: 9 S ° UrCe ln eleCtrical -hnection with the 

working and counter electrodes and capable of supplying an 

lT lca ■ T ential diff erence between 2 

counter electrodes sufficient to cause diffusion limited 
-Nation of the redu,ed form of the redeem d tor 
at the surface of the working electrode; and 



10 f . 



a meter in electrical connection with the workino 
and counter electrodes and capable of measuring 

re'du H Pr ° dUGed by th * Nation of the 

reduced form of the redox mediator at the working 

electrode surface. 

15 insufr d T Ce ^ Cla4m —Electrical 
insulator further includes an additional cutout portion 
exposxn g portions of the working and counter electrodes, 
and the device further comprises: 

20 workino ' '** Bl ' istri « 1 —ction with the 

Portion « C ° Unter SleCtr0deS ^ additi ° nal «*« 
Portion, the power source being capable of supplying an 

electrical potential difference between the woLLg'and 
counter electrodes sufficient to cause diffusion limited 

25 a e t le t C h tr °° X1 f ti0n « reduced for, of the redox mediator 
25. at the surface of the working electrode; and 

- 

- - 

and I ^ ^ eleCtrlcal section with the working 
and counter electrodes and capable of Measuring the 

redu f T^ lllnited CUrrent Pr ° dUCed by the of the 

reduced form of the redox mediator at the working 

30 electrode surface. 
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16. A reagent for an electrochemical device that has 
working and counter electrodes and measures an analyte, 
. comprising: 

• • * * ■ ■ 

* * 

the oxidized form of a redox mediator , an enzyme * and 
05 a buffer, 

■ 

the oxidized form of the redox mediator being of 
sufficient type, to receive at least one electron from a 
reaction involving enzyme, analyte, and oxidized form of 
the redox mediator and being in sufficient amount to 
10 insure that current produced by diffusion limited 

electroqxidation is limited by the oxidation of the 
reduced form of the redox mediator at the working 
electrode surface, 

- 

* . * 
, a m 

the enzyme being of sufficient type and in sufficient 
15 amount to catalyze the reaction involving enzyme, analyte, 

and oxidized form of the redox mediator, and 

■'-*..• ■ . ' - ' 

- 

■ 

. ■ • .• 

the buffer having a higher oxidation potential than 

the reduced form of the redox mediator and being of 

. sufficient type and in sufficient amount to provide and 

20 maintain a pH at which the enzyme catalyzes the reaction 

involving enzyme, analyte, and oxidized form of the redox 

mediator. 

17. The reagent of claim 16, wherein the reagent further 
comprises at least one additional enzyme and an additional 

* * * . 

25 redox mediator. 

* 

18. The reagent of claim 16, further comprising: 

a microcrystallirie material of sufficient type and in 
sufficient amount to disperse the redox mediator in the 
reagent. 
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19- The reagent of claim 18, further comprising:. 

■ 

a surfactant of sufficient type and in sufficient 
amount to wet a sample containing the analyte. 

* * . 

20. The reagent of claim 19, further/ comprising: 

* • 

a reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 



10 



- . . . • • t * « 

21. The reagent of claim 20, wherein the analyte is 
glucose, the oxidized form of the redox mediator is 
ferricyanide, the buffer is phosphate, the 
microcrystalline material includes microcrystalline 
cellulose and microcrystalline . carboxymethylcellulose, the 
enzyme is glucose oxidase, the surfactant is a nonibnic 
surfactant, and the reagent stabilizer is selected from a 
group consisting of glutamate, aspartate, blue dextran, 
15 and trehalose. ' 

< - 

- 

22 . The reagent of claim 2.1 , wherein the amount of 
ferricyanide is from about 0.55 to about 3.5 millimoles 
per gram of reagent, the amount of phosphate buffer is 
from about 0.35 to about 2.6 millimoles per gram of 
reagent, the amount of microcrystalline material is from 
about 36 to about 228 milligrams per gram of reagent, the 
amount of glucose oxidase is more than about 570 units per 
gram of reagent, the amount of surfactant is from about 0 
to about 18 milligrams per gram of reagent, and the amount 
of reagent stabilizer is from about o to about 200 

per gram of reagent. 

■ 

23. A reagent foran electrochemical device that has 

electrodes and measures glucose 

comprising: 



20 



15 



WO 91/09139 PCT/US90/07374 

-32- 

a. from about 1.1 to about 1.5 milliiiioles ferricyanide 

* * • ■ . * 

per gram of reagent; 

■ 

b. from about 1.3 to about 1.9 raillimoles phosphate 
buffer per gram of reagent; 

* 

05 c*. from about 2300 to about 10,400 units of glucose 

oxidase per gram of reagent; 

d. from about 50 to about 71 milligrams 
micrbcrystalline cellulose per gram of reagent; 

e. from about 2 to about 3 milligrams macrocrystalline 
10 carboxymethylcellulose per gram of reagent; 

f . from about 2 to about 3 milligrams TRITON X-100 per 

gram of reagent; and 

■ * 

• - • . 

g. from about 71 to about 102 milligrams glutamate per 

gram of reagent. 

15 24 .. A method of determining the concentration of an 
analyte in a fluid/ comprising the steps of: 

a. contacting the fluid with a reagent that covers 
substantially equal surface areas of working and counter 

electrodes and includes the oxidized form of a redox 

- ■ ■ • " ■■ 

20 mediator/ an enzyme, and a buffer, 

- ■ ■ 

' * * * 

the oxidized form of the redox mediator being of 
sufficient type to receive at least one electron from a 
reaction involving enzyme, analyte, and oxidized form of 
the redox mediator and being in sufficient amount to 
25 insure that current produced by diffusion limited 

■» . + . 

electrooxidation is limited by the oxidation of the 
reduced form of the redox mediator at the working 
electrode surface. 
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the enzyme being of sufficient type and in sufficient 
amount to catalyze the reaction involving enzyme, analyte, 
and the oxidized form of the redox mediator, arid 

the buffer having a higher oxidation potential than 
the reduced form of the redox mediator and being of 
sufficient type arid in sufficient amount to provide and 
maintain a pH at which the enzyme catalyzes the reaction 
involving enzyme, analyte, and the oxidized form of the 
redox mediator; 

- 

b. allowing the reaction involving the enzyme, 
analyte, and the oxidized form of the redox mediator to go 
to completion; 

c. subsequently applying a potential difference 
between the electrodes sufficient to cause diffusion 
limited electrooxidation of the reduced form of the redox 
mediator at the surface of the working electrode; 

• ■ 

d. thereafter measuring the resulting diffusion 
limited current; and 

e. correlating the current measurement to the . 
concentration of the analyte in the fluid. 

25. The method of claim 24, wherein the reagent further 
includes at least one additional enzyme and an additional 
redox mediator. 

26. The method of claim 24, wherein the reagent further 
includes a microcrystalline material of sufficient type 
and in sufficient amount to disperse the redox mediator in 
the reagent. 

27. The method of claim 26, wherein the reagent further, 
includes 
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a surfactant of sufficient type and in sufficient 

amount to wet the fluid upon contact with the reagent, and 

• • • ■ . . 

* * * . , 

* * ■ * 

a reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 

• ■ ' ■ 

05 28. The method of claim 27, wherein the ah^lyte is 
glucose, the oxidized form of the redox mediator is 
. ferricyanide, the buffer is phosphate, the 

. • « * • ♦ • * 

microcrystalline material includes microcrystalline 
cellulose and microcrystalline car boxymethylcellulose, the 
10 enzyme is glucose oxidase, the surfactant is a nonionic 

surfactant , and the reagent stabilizer is selected from a 
group consisting of glutamate, aspartate, blue dextran, 
and trehalose.. . . 

♦ ■ 

* • - 

29. The reagent of claim 28, wherein the amount of 
15 ferricyanide is from about 0.55 to about 3*5 millimoles 
per gram of reagent, the amount of phosphate buffer is 
from about 0.35 to about 2.6 millirooles per gram of 
reagent, the amount of microcrystalline material is from 
about 36 to about 228 milligrams per gram of reagent, the 
20 amount of glucose oxidase is more than about 570 units per 
gram of reagent, the amount of surfactant is from about 0 
to about 18 milligrams per gram of reagent, and the amount 
of reagent stabilizer is from about 0 to about 200 
milligrams per gram of reagent. 

* 

25 30. A method of determining the concentration of glucose 
in a fluid, comprising the. steps of: 

a* contacting the fluid with a reagent that covers 
substantially equal surface areas of working and counter 
electrodes and includes 

*• . * 

3 0 from about 1.1 to about 1.5 millimoles ferricyanide 

per gram of reagent, 
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buffer per gram of reagent, 

from about 2300 to about 10,400 units of glucose 
oxidase per gram of reagent, 

from about 50 to 71 milligrams microcrystallihe 
cellulose, per gram of reagent. 



V ♦ 



carbot! TT 2 ^ abOUt 3 railli ^ s "--crystalline 
. carboxymethylcellulose per gran, of reagent, and 

10 arJlT ab ° Ut 71 t0 ab0lit 102 glutamate per 

10 gram of reagent; H 

all ° wi ^ the "action involving the enzyme, ■ 
analyte and the oxidized form of the redox mediator to go 
to completion; lo 9° 
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. c. subsequently applying a potential difference 
ILL!" ^ elGCtr0deS SUffiCient tD 

» ^tT oxidation ° f the reduced f ° rm ° f ^ ~* 

mediator at the surface of the working electrode; 

li Mi f*, thereafter IBeaSUrin ^ the resulting diffusion 
limited current; and 



e. correlating the current measurement to the 
concentration of glucose, in the fluid. 

31. A device for analyzing an analyte, comprising: 
a. a first electrical insulator; 

* . • 

. ■ » ■ ■ 

sam e b ' W ° rtin9 ^ C ° Unter 6leCtrodes of substantially the 
same sxze, the electrodes being made of the same 
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electrically conducting materials and being supported oh 

the first electrical insulator; 
■ 

c. a second electrical insulator, overlaying the first 
electrical insulator and the electrodes and including a 

05 cutout portion that exposes substantially equal surface 

areas of the working and counter electrodes; and 

... - - 

. • ■ ■ 

d. a reagent, substantially covering the exposed 

■ 

electrode surfaces in the cutout portion and comprising 
the reduced form of a redox mediator, an enzyme > and a 
10 buffer, 

the reduced form of the redox mediator being of 
sufficient type to donate at least one electron from a 
reaction involving enzyme, analyte, and reduced form of 
the redox mediator and being in sufficient amount to 
15 insure that current produced by diffusion limited 

electror eduction is limited by the reduction of the 
oxidized form of the redox mediator at the working 
electrode surface, 

the enzyme being of sufficient type and in sufficient 
20 amount to catalyze the reaction involving enzyme, analyte, 
and the reduced form of the redox mediator, and 

the buffer having a lower reduction potential than the 
oxidized form of the redox mediator and being of 
sufficient type and in sufficient amount to provide and 
25 maintain a pH at which the enzyme catalyzes the reaction 
involving enzyme, analyte, and the reduced form of the 
redox mediator. 

32. The device of claim 31, wherein the reagent further 
comprises ■ 
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a microcrystalline material of sufficient type ana in 
sufficient amount to disperse the redox mediator^ the 
reagent, une 

* - ■ * * 

> surfactant „f sufficient type and in' sufficient 
amount to wet a sa-pie containing the ana, y te, una . 

.a reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 

33. The device of claim 31, further comprising: . 

e. a power source in electrical connection with the 
working and „ electrode5 and ^ 

an electrical potential difference between the w^Lg and 
counter electrodes suffirion*. mng and 

electror e dh^4 V '"^ di «^ion lifted 

electroreduction of the oxidized form of the redox 

-diator at the surface of the wording electrode; and ' 

and ' ' \ Beter " eleCtrical Action with the working 
^-unter electrodes and capable of measuring the 
^fusion limited current produced by the reduction of the 
oxidized form of the redox mediator at the working 
electrode surface. xng 

llinTT *" ■» that has . 

vortang ,„a counter electrodes ana .ensures „ ,„ aXyte> 
comprising: ■ .. 

■ 

buffet? red ° Ced ,0n - ° f ' » -y»u, ana 

the reduced form of the redox mediator being of 
su«. t type to aonate at least one 

reaction involving enzyme, analyte, and reduced form of . 
the redox mediator and being in sufficient amount to 
^sure that current produced by diffusion lifted 



electroreduction is limited by the reduction of the 
oxidized form of the redox mediator at the working 
electrode surface. 

■ * - 

the enzyme being of sufficient type and in sufficient 
amount to catalyze the reaction involving enzyme, analyte, 
and the reduced form of the redox mediator, and 

- 

the buffer having a lower reduction potential than the 
oxidized form of the redox mediator and being of 
sufficient type and in sufficient amount to provide and 
maintain a pH at which the enzyme catalyzes the reaction 
involving enzyme, analyte, and the reduced form of the 
redox mediator. 

35. The reagent of claim 34/ further comprising: 

a microcrystalline material of sufficient type and in 
sufficient amount of disperse the redox mediator in the 
reagent; 

a surfactant of sufficient type and in sufficient 
amount to wet a sample containing the analyte; and 

a. reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 

36. A method of determining the concentration of an 

analyte in a fluid, comprising the steps of: 

. • ■ ■ . ■ 

a. contacting the fluid with a reagent that covers 
substantially equal surface areas of working and counter 
electrodes and includes the reduced form of a redox 
mediator , an enzyme, and a buffer, 

♦ 

4 the reduced form of the redox mediator being of 

■* 

sufficient type to donate at least; one electron from a 
reaction involving enzyme, analyte/ and reduced form of 
the redox mediator and being in sufficient amount to 
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ensure that current produced by diffusion 
olectroreduction is United by the reduction of L 
o^drsed for. of the redo, mediator at the "o^ 
electrode surface, "orkmg 

"... . • 

the enzyme being of sufficient .. _ n 
-ount to catalyze the reaction inv^l^'^ 
ana the reduced f orm of the redox Mediate^ ^ 

the buffer having lover reduction potential th ~ 
oxxdxzed form of the redox mediator and of ^ 

sufficient type and in sufficient a J 

maintain a P H at which th. ^ amOUnt to P^ide and 
. wnich the enzyme catalyze-? +->,„ 

-olvi„ g enzyme . analyte> and 

redox mediator; d fonn *>t the 

* 

b. allowing the reaction involving tho 
analyte, and the reduced for™ J ^ n2yiDe ' 

completion; °" 3 "** * ediat °* to go to 
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^tZJTlrT" aPPlyin5 * "fference 

eiectroreductxon of the oyiHi,^ * 

mediator at the surface of th! v *™ ° f redox 

urr ace of the workxng electrode; 

d. thereafter measuring the result- 
lifted current; and resu ^ang diffusion 

e- correcting the current neasurement to th 
concentration of the ,„ aJyt e in ^ ^ * 

" Clal " ~ furthor 

a microcrystalline material of s »fF^- . 

in sufficient amount to disperse t^ """""^ type and 

aisperse the redox mediator in the 
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J 

■ 

reagent, 

a surfactant of sufficient type and in sufficient 
amount to wet a sample containing the anilyte, * and 

■ * i ■ 

■ 

a reagent stabilizer of sufficient type and in 

► * * * 

05 sufficient amount to stabilize the reagent. 

* * 

• * - ■ 

■ 

38. A device for analyzing an analyte, comprising:. 

- 

a. a first electrical insulator; 

b. a working electrode and a counter electrode that is 
smaller than the working electrode, the electrodes being 

10 made of the same electrically conducting materials and 

■ ■ 

being supported on the first electrical insulator; - 

c. a second electrical insulator, overlaying the 
first electrical insulator and the electrodes and 
including a cutout portion that exposes a smaller surface 

15 area of the counter electrode than the working electrode; 
and 

d. a reagent, substantially covering the exposed 

* ■ i, 

electrode surfaces in the cutout portion and comprising 
the oxidized form of a redox mediator, an enzyme, and a 
20 buffer, 

- » 

the oxidized form of the redox mediator being of 
sufficient type to receive at least one electron from a 
reaction involving enzyme, analyte, and oxidized form of 
the redox mediator and being in sufficient amount to 
25 insure that current produced by diffusion limited 

electrooxidation is limited by the oxidation of the 
reduced form of the redox mediator at the working 
electrode surface, 
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the enzyme being of sufficient type and in sufficient 
amount to catalyze the reaction involving enzyme, analyte 
and oxidized form of the redox mediator, and ' 

the buffer having a higher oxidation potential than 
the reduced form of the redox mediator and being of 
sufficient type and in sufficient amount to provide and 
maintain a pH at which the enzyme catalyzes the reaction 
involving enzyme, analyte, and oxidized form of the redox 
mediator. 

• - . 

. • . . . 

39. The device of claim 38, wherein the reagent further 
comprises a microcrystalline material of sufficient type 
and xn sufficient amount to disperse the redox mediator in 
the reagent. 

40. The device of claim 38, wherein the reagent further 
comprises. at least one additional enzyme and an additional 
redox mediator. - 

* 

41. The device of claim 38, wherein the electrically 
conducting material of the working and counter electrodes 

is selected from a group consisting of palladium. 
Platinum, gold, silver, titanium, copper, and carbon. 

42. The device of claim 39, wherein the reagent further 
comprises a surfactant of sufficient type and in 
sufficient amount to wet a sample containing the analyte. 

... 

43. The device of claim 42, wherein the reagent further 
comprises a reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 

- m * 

44. <rhe device of claim 38, wherein the analyte is 

glucose, the oxidized form of the redox mediator is 
ferricyanide, and the enzyme is glucose oxidase. 
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* * 
- * 

45. The device of claim. 39, wherein the analyte is . 
glucose, the oxidized form of the redox mediator is 
f erricyanide and the enzyme is glucose oxidase. 

- 

» ■ * 

46. The device of claim 43 , wherein the analyte is 
05 glucose, the oxidized form of the redox mediator is 

f erricyanide, the buffer is phosphate, the 
microcrystailine material, includes microcrystailine 
cellulose and microcrystailine car boxymethy Ice llu lose, the 
enzyme is glucose oxidase, the surfactant is a nonionic 
10 surfactant and the reagent stabilizer is selected from a 
group consisting of glutamate, aspartate, blue dextran* 

■ * 

and trehalose. 

: . • ' 

47. The device of claim 38, further comprising: 

- 

* » 

e. a power source in electrical connection with the 
15 working and counter electrodes and capable of supplying an 
electrical potential difference between the working and 
counter electrodes sufficient to cause diffusion limited 
electrooxidation of the reduced form of the redox mediator 
at the surface of the working electrode; and 

20 f. a meter in electrical connection with the working 

and counter electrodes and capable of measuring the 
diffusion limited current produced by the oxidation of the 
reduced form of the redox mediator at the working 
electrode surface. 

• ♦ 
* * 

... 

25 48. A method of determining the concentration of an 
analyte in a fluid, comprising the steps of: 

a. contacting the fluid with * a reagent that covers a 
smaller surface area of a counter electrode than a 

* ■ 

working electrode and includes the oxidized form of a 
30 redox mediator, an enzyme, and a buffer, 
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the oxidized form of the redox mediator being of 
sufficient type to receive at least one electron from a 
reaction involving enzyme, analyte, and oxidized form of 
the redox mediator and being in sufficient amount to 
insure that current produced by diffusion limited 
electrooxidation is limited by the oxidation of the 
reduced form of the redox mediator at the working 
electrode surface, 

- 

■ 

the enzyme being of sufficient type and in sufficient 
amount to catalyze the reaction involving enzyme, analyte, 
and the oxidized form of the redox mediator, and 

the buffer having a higher oxidation potential than 
the reduced form of the redox mediator and being of 
sufficient type and in sufficient amount to provide and 
maintain a P H at which the enzyme catalyzes the reaction 
involving enzyme, analyte, and the oxidized form of the 
redox mediator; 

• • . . . ■ • • 

b. allowing the reaction involving the enzyme, 
analyte, and the oxidized form of the redox mediator to go 

20 to completion; 

c. subsequently applying a potential difference 
between the electrodes sufficient to cause diffusion 
limited electrooxidation of the reduced form of the redox 
mediator, at the surface of the working electrode; 

■ • ■ 

d. thereafter measuring the resulting diffusion 
limited current; and 

e. correlating the current measurement to the • 
concentration of the analyte in the fluid. 

49. The method of claim 48, wherein the reagent further 
includes at least one additional enzyme and an additional 
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redox mediator. 

• • • ■ ■ • ■ * . 

■ * * • * 

50. The method of claim 48, wherein the reagent further 
includes a microcrystalline material of sufficient type 
and in sufficient: amount to disperse the redox mediator in 

05 the reagent. 

* 

51. The method of claim 50 , wherein the reagent further 
includes 

a surfactant of sufficient type and in sufficient 
amount to wet the fluid upon contact with the reagent, and 
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25 



a reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 



52.. The method of claim 51, wherein the analyte is 
glucose, the oxidized form of the redox mediator is 
ferricyanide, the buffer is phosphate, the 

15 microcrystalline material includes microcrystalline 

cellulose and microcrystalline car boxymethyl eel lu lose, the 
enzyme is. glucose oxidase, the surfactant is a nonionic 
surfactant, and the reagent stabilizer is selected from a 
group consisting of glutamate, aspartate, blue dextran, 

20 and trehalose. 

.... 

53. A device for analyzing an analyte, comprising : 

• . • . • 

a. a first electrical insulator; 

b. a working electrode and a counter electrode that is 

* * * » ■ * 

smaller than the working electrode, the electrodes being 
made of the same electrically conducting materials and 
being supported on the first electrical insulator; 

c. a second electrical insulator, overlaying the first 
electrical insulator and the electrodes and including a 



05 



WO 91/09139 

PCT/US90/07374 



cutout portion that exposes a Waller surface area of the 
counter electrode than the working electrode; and 

d. a reagent, substantially covering the exposed 
electrode surfaces in the cutout portion and comprising 
the reduced form of a redox mediator, an enzyme, and a 
buffer, 



the reduced form of the redox mediator being of 
sufficient type to donate at least one electron from a 
reaction involving enzyme, analyte, and reduced form of 
10 the redox mediator and being in sufficient amount to 
insure that current produced by diffusion- limited 
electroreduction is limited by the reduction of the 
oxidized form of the redox mediator at the working 
electrode surface, 

r 

■ • 

15 the enzyme being of sufficient type and in sufficient 

amount to catalyze the reaction involving enzyme, analyte 
and the reduced form of the redox mediator, and 

, * ■ 

the buffer having a lower reduction potential than the 
oxidized form of the redox mediator and being of 
20 sufficient type and in sufficient amount to provide and 
maantain a pH at which the enzyme catalyzes the reaction 
involving enzyme, analyte, and the reduced form of the 
redox mediator. 

54. The device of claim 53, wherein the reagent further 
25 comprises 

* 

a microcrystalline material of sufficient type and in 
sufficient amount to disperse the redox mediator in the 
reagent, 

a surfactant of sufficient type and in sufficient 
0 amount to vet a sample containing the analyte, and 
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a reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 

55. The device of claim 53/ further comprising: 

» 

e. a power source in electrical connection with the 
working and counter electrodes and capable of supplying 
an electrical potential difference between the working and 
counter electrodes sufficient to cause diffusion limited 
electr or eduction of the oxidized form of the redox 
mediator at the surface of the working electrode; and 

10 . f. a meter in electrical connection with the working 
and counter electrodes and capable of measuring the 
diffusion limited current produced by the reduction of the 
oxidized form of the redox mediator at the working 
electrode surface. • ■ 

- - ■ . " 

* * *- 

15 56. A method oi determining the concentration of an 
analyte in a fluid, comprising the steps of: 

a. contacting the fluid with a reagent that covers a 
smaller surface area of a counter electrode than a working 
electrode and includes the reduced form of a redox 
2 0 mediator , an enzyme , and a buffer , 

the reduced form of the redox mediator being of 
sufficient type to donate at least one electron from a 

■ 

reaction involving enzyme, analyte, and reduced form of 
the redox mediator and being in sufficient amount to 
25 insure that current. produced by diffusion limited 

electror eduction is limited by the reduction of the 
oxidized form of the redox mediator at the working 
elegtrode surface. 
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the enzyme being of sufficient type and in sufficient 
amount to catalyze the reaction involving enzyme, analyte, 
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and the reduced form of the redox mediator, and 

o. i , the , bUffer haVin9 l0W&r redUCtion Potential than the 
oxadazed form of the redox mediator and being of 

sufficient type and i„ sufficient anount ■ ^ 
05 maintain a pH at which the enzyme catalyse £ reaction 
involving enzyme, analyte, and the reduced form of 1 
redox mediator; f the 

■ - 

b. allowing the reaction involving the enzyme 
analyte, and the reduced form of the redox mediator to ao 
10 to completion; u +aror to go 

betw C ' S l bSe<3UOntly aPPlyin9 a P° te "tial difference 

lasted electroreduction of the oxidized form of the redox 
mediator at the surface of the working electrode 

Unit ' thereafter measU rin * resulting diffusion 
limited current; and 

e. correlating the current measurement to the 
concentration of the analyte in the fluid. 

57. The method of claim 56 whe^i** +u * 
20 includes - wherein the reagent further 
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a surfactant of sufficient type and in sufficient 
a^unt to wet the fl uid upon contact with ^ rea 

a. reagent stabilizer of sufficient type and in 
sufficient amount to stabilize the reagent. 
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